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The two types of subunits a and /3 constitutive of yeast phosphofructokinase have been separated by ion- 
exchange chromatography under denaturating conditions. Amino acid analysis and peptide mapping were 
performed on the isolated subunits. The frequence of most of the amino acids significantly differs between 
the two types of polypeptide chains. Moreover, tryptic peptide maps of a and /I subunits are clearly not 
superimposable. These chemical differences seem sufficient to account for the distinct catalytic and 
regulatory functions of /3 and a subunits in the yeast phosphofructokinase reaction. 
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1. INTRODUCTION units would exhibit some differences in their 
chemical properties. 
Yeast phosphofructokinase (EC 2.7.1.11) is an 
octameric enzyme [l-3] built up of an equal num- 
ber of 2 types of subunits, (Y and /3. These subunits 
were earlier differentiated by their immunological 
properties [4], their electrophoretical behaviour [5] 
and their relative susceptibility to proteolytic deg- 
radation in the presence of specific ligands [6]. We 
have also demonstrated that the 4 fructose B-phos- 
phate binding sites are exclusively localized on the 
/3 subunits [7]. Mutant studies of yeast phospho- 
fructokinase would accord with /I having catalytic 
function [8]. According to binding studies [9,10] 
and considering the molecular basis of the alloste- 
ric regulation of yeast phosphofructokinase [ IO,1 11, 
we suggested that this enzyme would be con- 
stituted by the association of distinct catalytic and 
regulatory subunits. This hypothesis was rein- 
forced by genetic evidence [12] indicating that the 
(r and /I chains are not coded by the same gene. In 
such a case, however, we can expect that the non- 
identical primary structure of the 2 types of sub- 
Here, we show the ability to separate com- 
pletely, on a preparative scale, (Y and p subunits by 
ion-exchange chromatography under denaturating 
conditions. Amino acid analysis and peptide map- 
ping performed on the isolated subunits, reveal 
significant differences between the 2 types of poly- 
peptide chains. This agrees with the idea that, in 
spite of their relatively similar M,, (Y and /I sub- 
units may have distinct catalytic and regulatory 
functions in the yeast phosphofructokinase reac- 
tion 
2. EXPERIMENTAL 
2.1. Enzyme and chemicals 
Phosphofructokinase was prepared from baker’s 
yeast as in [S]. Urea (Merck) was recrystallized 
twice from ethanol. Trypsin was obtained from 
Worthington Biochemical Corp. All other chemi- 
cals were of analytical grade. 
* Present address: Service de Biochimie des RCgula- 
tions, Institut Pasteur, 750 15 Paris, France 
2.2. Amino acid analysis of a and p subunits 
Amino acid analysis was performed with a Beck- 
man autoanalyzer after 20-70 h of acid hy- 
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drolysis (HCl 6 N, 110°C) of the separated sub- 
units. Cysteine and methionine contents were de- 
termined after performic acid oxydation. For tryp- 
tophan analysis, samples were hydrolyzed in the 
presence of 4 N methane-sulfonic acid (pH 5.28). 
2.3. Peptide mapping of a and p subunits 
After separation, (Y and fi subunits (2.5 mg/ml) 
were reduced in a Tris-HCl buffer (100 mM, pH 
8.6) containing 8 M urea and 1 mM dithiothreitol, 
in a nitrogen atmosphere for 4 h. Samples were 
then incubated at 25°C for 1 h, in the dark, in the 
presence of 50 mM iodoacetate. Before hydrolysis, 
the carboxymethylated subunits were dialyzed 
against 5 x 300 ml of 50 mM ammonium carbo- 
nate buffer (pH 8). Enzymatic hydrolysis was per- 
formed at 37°C in the presence of 1% trypsin 
(mol/mol). After 2 h incubation, the same amount 
of proteolytic enzyme was added in each sample 
and hydrolysis was carried out for 2 h. The pep- 
tides were recovered by lyophilization. 
An aliquot of the lyophilized material con- 
taining 200-300 pg of peptides was applied on a 
thin-layer plate coated with cellulose (Merck). The 
plate was sprayed with a mixture of pyridine: gla- 
cial acetic acid:water (1:10:89, by vol., pH 3.5). 
Electrophoresis was done for 1 h at 800 V in the 
same buffer, at 10°C using a Desaga-desaphor ap- 
paratus. The plate was oven-dried (60°C) and then 
placed in a chromatography tank. The plate was 
equilibrated over a solvent system containing l- 
butanol:pyridine:glacial acetic acid: water (75:50: 
15:60, by vol.) and was developed in the same sol- 
vent system for -5 h at room temperature. The 
peptides were located by dipping the dried-plates 
with 0.2% (v/v) ninhydrin in acetone. 
3. RESULTS 
3.1. Separation of (Y and p subunits of yeast phos- 
phofructokinase 
The urea-denatured phosphofructokinase sub- 
units were separated by ion-exchange chromatog- 
raphy on DEAE-52 cellulose, as in [7]. a-subunits 
are more acidic than /3 subunits since they are elu- 
ted with higher ionic strength. However, the 2 
types of polypeptide chains are only partially sepa- 
rated on this column (fig.lA). The elution profile is 
highly reproducible and was obtained -30-times, 
from several enzyme preparations. The 3 second- 
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ary peaks which are eluted with highest ionic 
strength, may correspond to slightly proteolyzed (Y 
subunits which would have lost some ionized 
amino acids, or to cx subunits in which some groups 
are desamidinated. By electrophoresis, they cannot 
be distinguished from the component of the main 
a-peak. 
The rechromatography of each of the (Y and /? 
pool on the DEAE-52 cellulose column, allows us 
to separate completely (Y and /1 subunits (fig. 1 B,C). 
This highly purified material was used further for 
amino acid analysis and peptide mapping. 
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3.2. Amino acid analysis of a and fi subunits 
The amino acid composition of (Y and /3 subunits 
of yeast phosphofructokinase is presented in table 
1. The results show that the frequence of most of 
the amino acids differs more than could be 
accounted for by experimental error, especially 
alanine, phenylalanine, serine, histidine, iso- 
leucine, leucine, methionine and arginine. We note 
that the sum of the half-cystine content of (Y and /? 
subunits (- 80 residues/oligomer) agrees with the 
number of -SH groups which can be titrated with 
NbS2 after denaturation of the native enzyme (i.e., 
83 + 2 -SH groups/oligomer [7]). electrophoresis 
3.3. Tryptic peptide maps of a and P subunits 
Tryptic peptide mapping of (Y and /3 subunits is 
shown in fig.2. The increase in time of hydrolysis 
from 4-24 h does not modify the map. Moreover, 
no protein remains at the origin indicating that the 
tryptic digestion is complete. 
Each yeast phosphofructokinase subunit yields 
- 50 spots. By considering the number of arginine 
and lysine residues found in each polypeptide 
chain, we may assume that some spots correspond 
to more than one individual peptide. 
- alectrophoresis 
Fig.1. Separation of yeast phosphofructokinase subunits 
by ion-exchange chromatography on DEAE-52 cel- 
lulose. (a) Partial separation of (Y and /3 subunits. The 
detailed experimental procedure was described in 171: 
- 4.5 mg of the urea-denatured enzyme were applied to 
the column. (b) Rechromatography of the /3 pool; (c) 
rechromatography of the (Y pool. The partially separated 
subunits obtained in (A), were pooled and dialyzed ex- 
haustively against 25 mM Tris-sulfonic acid buffer (pH 
8.6) containing 50 mM glycine, I mM EDTA, 100 mM 
2-mercaptoethanol and 8 M urea. Each pool was then 
reconcentrated under vacuum to reach 3 mg protein/ml 
and rechromatographed under the same experimental 
conditions as those for the first separation. Before elec- 
trophoresis. the subunits were dialyzed against IO mM 
phosphate buffer (pH 7) containing 1% SDS and 1% 2- 
mercaptoethanol, to remove urea. Electrophoresis was 
conducted according to [ 131 using a 7.5% polyacryiamide 
lower gel and a 3% polyacrylamide stacking gel. The 
photographies correspond to electrophoresis performed 
on the pool obtained from (C) (a subunits) and (B) (/? 
subunits) chromatographs. References samples corre- 
spond to unchromatographed yeast phosphofructo- 
kinase. The partially proteolyzed material is referenced 
Fig.2. Tryptic peptide maps of OL and /3 subunits con- 
stitutive of yeast phosphofructokinase. The conditions 
for tryptic digestion and for thin-layer chromatography 
and electrophoresis are described in section 2: (1) indi- 
cates the peptides the most intensively ninhydrin-col- 
oured and dotted lines are weak questionable spots. 
as a’ and /3’ subunits, as in [5.9]. 
It is clear from fig.2 that the peptide maps of (Y 
and fi subunits show significant differences. They 
differ not only in the localization of the peptides 
but also in the intensity of the ninhydrin staining 
of the major spots. The tryptic digest of cy subunit 
contains more acidic peptides, migrating towards 
the cathode, than that of the /? subunit. This result 
agrees with the observation that (Y subunits are elu- 
ted with higher ionic strength than /3 subunits, on 
the DEAE-52 cellulose column (fig.1). 
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Table 1 
Amino acid composition of a and /3 subunits constitutive 
of yeast phosphofructokinase (residues/ 100 000 g) 
Amino a subunit p subunit (a-t/3)/2 Enzyme 
acid oligomera 
Asp (Asn) 93.2 94.3 93.7 + 2.2 9623.1 
Glu (Gln) 91.6 92.7 92.122 9523.2 
G’Y 74.1 71.5 72.8 + 2.2 69+-l 
Ala 74.7 95.2 84.9 + 1.7 872 1.5 
Phe 36.8 25.5 31.12 1.3 32+ 1.2 
His 22.4 17.7 20.1 kO.9 2020.7 
Lys 58.5 54.9 56.7 f 3.3 6123 
Ar g 46.2 51.7 49.02 1.4 47+ 1 
Be 62.1 68.8 65.4k3.1 53k2.7 
Leu 83.8 77.5 80.7 + 1.8 78?3 
Val 63.5 64.9 64.2 & 1 65+ 1.7 
Thr 55.7 60.6 58.lk2.1 55* 1.2 
Ser 71.7 63.5 67.6 + 2.5 63 + 2.3 
TYr 23 22.7 22.9 + 1.6 24? 1.7 
Cys 11.1 8.9 10.02 1.1 ll? 1.1 
Met 9.7 16.3 13.02 1.2 17 20.4 
Tr P 6.9 5.1 6.02 1 9a0.6 
Pro 26.1 26.7 26.4 2 4.1 3422.4 
a Data of [2] 
4. DISCUSSION 
The amino acid composition and the tryptic 
peptide maps of (Y and /I subunits of yeast phos- 
phofructokinase, reveal some significant dif- 
ferences in the chemical properties of the 2 types 
of subunits constitutive of the enzyme oligomer. In 
particular, (Y subunits appear to be more acidic 
than /I subunits, allowing the separation of the two 
types of polypeptide chains by ion-exchange chro- 
matography. 
However, the chemical differences between (Y 
and /I subunits of yeast phosphofructokinase are 
quantitatively less important than those between 
the 2 types of subunits constitutive of human 
erythrocyte phosphofructokinase [ 141, although the 
latter has not distinct catalytic and regulatory sub- 
units. 
In spite of their distinct functional role in the 
yeast phosphofructokinase reaction, cy and /I sub- 
units bind compounds which are structurally close- 
ly related (fructose 6-phosphate and ATP for the /I 
catalytic subunits and fructose 2,6-diphosphate 
[9] Laurent, M., Chaffotte, A.F., Tenu, J.P., Raucous, 
C. and Seydoux, F.J. (1978) Biochem. Biophys. Res. 
Commun. 80,646-652. 
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[15,16] and AMP for the (Y regulatory subunits). 
Moreover, a and fi subunits differ only slightly in 
their M,-values. Thus, it is reasonable to assume 
that the duplication of an ancestral gene, followed 
by several point mutations in one or the other du- 
plicated gene, is sufficient to account for the dif- 
ferences between (Y and p chains. 
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